It is generally agreed that the hypothalamus exerts a regulatory influence on the secretion of ACTH from the pituitary gland.`~In an attempt to determine the nature and the extent of neural control of ACTH secretion, many studies have been carried out on animals with hypothalamic lesions. These studies have demonstrated that stress-induced increases in ACTH secretion can be prevented in rats by lesions placed in the median eminence tuberal region of the hypothalamus."' Vascular impairment of the pituitary gland as well as neural damage in the hypothalamus can result from the placement of these lesions since the blood vessels and nerves present in the median eminence are essentially cauterized by this procedure. Therefore, the absence of stress-induced increases in ACTH secretion in animals bearing hypothalamic lesions could be attributed either to necrosis of pituitary tissue secondary to vascular infarction or to destruction of essential neural elements or to a combination of both factors.
The present study was an attempt to evaluate the relative contributions of damage to the components of the hypothalamic-pituitary system and to correlate the morphological picture with the functional alterations in ACTH secretion which results from placement of hypothalamic lesions in rats. A detailed histologic study of hypothalamic neural elements was not attempted. Morphological alterations in essential neural elements were implicated only when chronic functional blockade of ACTH release persisted in the presence of a well-vascularized pituitary. The integrity of the pituitary vascular supply was evaluated microscopically in lesioned animals and correlated with the degree and permanency of the functional blockade of ACTH release after stress.
MATERIALS AND METHODS
Male rats of the Sprague-Dawley strain weighing 200-250 grams were housed in a constant temperature room and fed Purina chow and water ad lib. The rats were anesthetized with sodium pentobarbital (Nembutal®D), 5 mg. per 100 g. body weight, administered intraperitoneally before placement of the lesion. Electrolytic lesions were placed in the hypothalamus by means of a stereotaxic instrument. The electrodes were 26 gauge stainless steel tubing coated with Teflon and bared only at the cross-sectional tip. A current of three milliamperes was passed for 15 seconds to produce each bilateral set of lesions. Sham-lesioned rats were subjected to the same surgical procedure except that current was not applied. Ether inhalation was used as an acute noxious stimulus to test for stress induced ACTH release. Rats were placed in a jar saturated with ether vapor for one to two minutes after which the rat was allowed to return to consciousness. Fifteen minutes later, under ether anesthesia, blood was withdrawn from the external jugular vein into heparinized syringes for corticosterone analysis. Peripheral corticosterone levels were used as the index of ACTH secretion. Free corticosterone in 0.2 ml. aliquots of plasma was determined by the fluorometric method of Silber, et al.]' as modified by Guillemin, et al.'8 The Guillemin method was slightly modified by the addition of the sodium hydroxide wash directly into the diluted plasma.
An assessment of the integrity of the vascular supply to the pituitary and hypothalamus was carried out by perfusing the brain and pituitary with India ink in the following manner. In animals anesthetized with either Nembutal® or ether, a midline thoracic incision was made and a clamp was placed. over the entire lower half of the body below the diaphragm. A stainless steel cannula was introduced into the ascending aorta through the wall of the left ventricle. Both forelimbs were clamped and isotonic saline was perfused through the vascular system. A 3:1 solution of Higgins India ink in 10 per cent formalin was introduced into the animal by using as much pressure as could be exerted on the plunger of a 30 cc. syringe. The brain and pituitary gland were dissected out and placed in 10 per cent formalin. Frozen serial sections (120 a) of the pituitary and the hypothalamus from animals which had been perfused with India ink were mounted on slides so that the extent of vascular damage could be estimated microscopically by the extent of deposition of India ink. Pituitary glands from animals which had been perfused only with saline and formalin were cut at 20 u and the frozen sections were mounted and stained with hematoxylin and eosin. Hypothalami from these same animals were fixed in formalin and frozen sections of 40 A were mounted and stained with thionin or with a Kluver stain. Reconstructions were made of the location and the extent of the lesions.
RESULTS
Multiple lesions were placed in the ventral hypothalamic area which has previously been shown to be essential for the stress-induced release of ACTH.1 These lesions were bilateral midline lesions which involved areas of the hypothalamus that extended from the optic chiasm to the infundibulum just rostral to the mammillary bodies. The individual lesions were approximately 1 mm. in diameter at the base of the hypothalamus and were placed within 1 mm. of the midline. hypothalamus of the rat. The approximate size of the lesions that were produced is indicated by the blackened regions. The lesion groups, 2-3-4 and 2-3-4-5, represent successive 1 mm. regions of the base of the hypothalamus extending from the optic chiasm caudad.
Functional deficit
The most suitable index for determining the effectiveness of a hypothalamic lesion proved to be a complex problem. The criterion for anterior lobe dysfunction which resulted from placement of hypothalamic lesions; was based on the residual functional capacity of the pituitary to secrete, ACTH in response to ether stress when these animals were tested during a three-week period. An arbitrary criterion was established for judging the effectiveness of a lesion. By definition, a plasma corticosterone concentration of 20.0 ,ug/100 ml. or less obtained in response to ether stress constituted an effective block. This value was chosen because it represented approximately one half the corticosterone levels observed in normal rats in response to the same stimulus in this study. Table 1 shows the percentage of animals that were effectively blocked to ether stress during the time periods studied. In all cases, more animals were effectively blocked at 48 hours than at three weeks. Forty-eight hours post-operatively was referred to as the "acute stage" and three weeks after placement of the lesions was designated the "chronic stage." The triple lesion 2-3-4 produced about 70 per cent effective blockade at 48 hours post-operatively whereas 92 per cent were blocked by the more extensive lesion, 2-3-4-5. At the end of three weeks, the group with the more extensive lesions (2-3-4-5) had a greater number of animals that remained effectively blocked (60%o). At the end of three weeks approximately the same percentage (30%o) of animals in both lesioned groups showed functional recovery from initial blockade. However, this return of function was more rapid in the 2-3-4 lesioned group as shown by the fact that no increment in the percentage of animals showing functional recovery was seen beyond the second week whereas animals with the more extensive lesion (2-3-4-5) showed a significant increase in the number (23%o) that showed a return of function during the second to third week interval. This delay would suggest that perhaps the vascular damage was more severe in the 2-3-4-5 lesioned group. Forty-eight hours postoperatively, a large percentage of both the 2-3-4 sham-lesioned and the 2-3-4-5 sham-lesioned animals failed to respond normally to ether stress (38.7%o and 66.7%o respectively). At the end of three weeks, essentially all (93%o) of the sham-lesioned animals showed complete return of function. Table 2 compares the plasma corticosterone values obtained in response to ether stress of 2-3-4 lesioned animals with those of the 2-3-4-5 lesioned animals and their respective sham-lesioned groups. It was apparent that varying gradations of effectiveness were present with the lesioned groups. Consequently, the lesioned animals were subdivided into those that showed a response to ether stress (non-effective) and those that did not respond (effective) during each of the time periods studied. The sham-lesioned animals were subdivided into groups of "initially blocked" (I.B.) animals (initially blocked to ether stress) and "non-blocked" (N.B.) animals (never blocked to ether stress). By definition, these animals correspond to effective and non-effective groups but they are referred to as "I.B. shamlesioned" and "N.B. sham-lesioned" animals to avoid confusion with lesioned animals. Table 2 shows that the corticosterone values for the effectively lesioned groups remain essentially the same throughout the time periods studied. The peripheral steroid levels of the lesioned rats always remained significantly above the low levels observed in hypophysectomized rats. There was a gradual rise in the corticosterone values in the noneffective 2-3-4 lesioned group until the levels approached those seen in normal animals after ether stress.' This increment in steroid level was attributed to a recovery of function in the lesioned group as well as in those sham-lesioned animals that had initially shown impairment.
Microscopic evaluation of hypothalamic damage Only the brains from the 2-3-4 lesioned group were examined microscopically. Figure 2 shows a section of the hypothalamus (40 u Kluver stain) from a sham-lesioned rat in the chronic phase. The tissue damage along the electrode tract is similar to that seen in lesioned animals. The unilateral tissue damage visible at the base of the hypothalamus was confined to a 0.5 mm. area at the tip of the electrode tract. Despite the obvious tissue damage resulting from passage of the electrode into the brain of this sham-lesioned animal, there was no observable impairment of ACTH secretion. Analysis of serial sections from the brains of twelve lesioned animals showed that placement of lesions in the median eminence resulted in tissue destruction and vascular damage that was primarily confined to a medial area that extended approximately 2 mm. caudal to the optic chiasm along the base of the hypothalamus. Reconstruction of these perfused brains showed that the area of greatest tissue destruction appeared to be ventral to the ventromedial nucleus and generally involved the arcuate nucleus of the hypothalamus.
Serial sections of the brains of eight sham-lesioned animals injected with India ink revealed that the electrodes had been placed within the same area as for lesioned animals. These studies showed that in the acute stage vascular damage of variable extent occurred along the electrode tracts. Two . . . . . . . . . . . . . . . . . . A . . of the sham-lesioned animals, initially blocked, showed extensive vascular damage at the base of the hypothalamus whereas vascular damage in shamlesioned animals not blocked initially to ether stress was slight. Of the four sham-lesioned animals studied in the chronic phase, little vascular impairment was observed.
Integrity of the pituitary vascular system
Thirty-five pituitary glands perfused with India ink were serially sectioned and mounted as previously described. The vascularity of the pituitary glands in both the acute and chronic phase after placement of lesions was examined. Figure 4 is a photomicrograph of a section from the pituitary gland of a normal rat that was perfused with India ink. The vascularity of the gland was well outlined when this method of perfusion was used. Figure 5 compares the vascularity of a pituitary from a 2-3-4 effectively lesioned animal in the acute phase (A) with a 2-3-4 effectively lesioned animal in the chronic phase (B). Both glands were well vascularized and no major areas of infarction were visible in either the anterior or the posterior lobe. The reduction in the size of the pituitary from the chronically lesioned animal (B) may explain the more dense appearance of the India ink in these sections. Despite the adenohypophysial reduction in size, an appreciable amount of viable and well vascularized tissue still remained. Both animals were effectively blocked to ether stress, suggesting that the blockade of ACTH release was not due to the absence of an intact blood supply to the adenohypophysis. Figure 6 shows the pituitary gland from a 2-3-4 sham-lesioned animal in the acute stage. This pituitary had a massive infarct at its base (A), although other sections from the same gland (B) were well vascularized. The blood supply of the neural lobe was not involved and despite extensive vascular insult to the adenohypophysis, the animal responded normally to ether stress. This large functional reserve for pituitary ACTH secretion has been demonstrated by other investigators."4'1 Figure 7 compares the pituitary vascularity of glands from 2-3-4 shamlesioned animals in the chronic phase. The upper photo (A) shows the pituitary of a sham-lesioned animal that was never blocked to ether stress in contrast to the lower photo (B) which shows the pituitary of a shamlesioned animal that was blocked to ether stress in the acute stage but then showed return of normal response in the chronic stage. Since both pituitaries appeared to have intact blood supply, the reason for the original blockade in animal (B) was attributed to temporary pituitary vascular interruption which was later repaired.
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DISCUSSION
These results corroborate the previous findings of Brodish' which describe a diffuse area in the hypothalamus that influences the release of ACTH. This region was found to be in the ventral hypothalamus and extended from the optic chiasm to the mammillary body. It is difficult to establish rigid standards by which an animal may be judged effectively blocked to stress and several parameters have been used in the past to evaluate this blockade in lesioned animals. We have used the response to ether stress to assess the integrity of the hypothalamic-pituitary-adrenal axis.
In the acute stage, approximately 70 per cent of the animals in the 2-3-4 lesioned group and 92 per cent in the 2-3-4-5 lesioned group failed to show the stress-induced rise of ACTH. This impairment of function in the acute period was not necessarily accompanied by severe vascular damage to the pituitary and, in these instances, interruption of function was attributed chiefly to neural damage in the hypothalamus. When vascular damage was severe in the acute period, it was impossible to distinguish on the basis of the ether stress response or by microscopic examination whether this impairment of function was due to vascular or neural damage and it must be assumed that both were contributory factors. Almost 40 per cent of the 2-3-4 sham-lesioned animals and 67 per cent of the 2-3-4-5 sham-lesioned animals were unable to respond to ether stress in the acute stage. Impairment of function in sham-lesioned animals has been noted previously.1 On the basis of functional response, these animals could not be distinguished from the lesioned group. However, microscopic examination of the pituitaries revealed that interruption of function was accompanied by severe vascular damage which resulted in an infarct that occupied the central part of the anterior lobe and involved more than 90 per cent of the gland. Inadequate blood supply to the pituitary was most likely responsible for the observed functional deficit in these animals in the acute stage.
Although most lesioned animals were blocked to ether stress in the acute phase, large numbers showed a return of function during the three week period after placement of lesions. Return of function in lesioned animals has been reported by other investigators."17 Serial reconstruction of the brains showed that the location and size of the lesions were identical to those placed in the effective 2-34 lesioned group in which no functional recovery occurred. The hypothalamic neural damage apparently was not extensive enough to impair function permanently and without the contributory factor of vascular damage, these animals would not have been blocked initially. With few exceptions, sham-lesioned animals that initially failed to release ACTH in response to stress subsequently showed normal 220 Volume 41, October, 1968 Hypothalainius and ACTH UPTON, BRODISH function in the chronic phase. The return of function in these sham-lesioned animals that acutely showed impairment of ACTH secretion was interpreted as a reflection of vascular repair. If necrosis of pituitary tissue had occurred through interruption of the blood supply, the vascular damage was apparently reversible. Harris originally demonstrated the regeneration of the hypophysial portal vessels."8 Two weeks was usually sufficient for complete portal vessel repair after stalk section." The time required for the return of the normal function in sham-lesioned animals was well within the time interval reportedly required for the regeneration of the hypophysial portal vessels. Smelik, et al.' also showed that lesions in the hypophysial stalk temporarily prevented the occurrence of compensatory adrenal hypertrophy but regeneration of damaged vascular connections occurred within a few days.
The possibility of reversible neural damage in the hypothalamus cannot be entirely ruled out in those animals that showed recovered function in the chronic phase. It is conceivable that essential neural elements around the confines of the lesion were temporarily inactivated acutely and that functional recovery of these units occurred sometime later in the chronic phase. Furthermore, although the contributory effects of a vascular deficit cannot be entirely ruled out, 93 per cent of the animals had no permanent loss of function attributable to interruption of the pituitary blood supply.
Almost 42 per cent of the 2-3-4 lesioned animals and 59 per cent of the 2-3-4-5 lesioned animals remained unresponsive to acute stress during the three-week period, a finding in agreement with those of other investigators.'1'1 Perfusion of these effectively 2-3-4 lesioned animals with India ink demonstrated that the blood supply to the pituitary was intact and any original vascular insult seemed to be sufficiently repaired. Without exception, the 31 pituitaries examined from effectively lesioned animals in the chronic phase were smaller than pituitaries from corresponding shamlesioned animals. Reduction in pituitary weight has been shown to occur after destruction of the pituitary stalk in rats' and after hypothalamic lesions." '7 In accordance with previous findings""' our studies showed that the amount of viable pituitary tissue that remained after three weeks was sufficient to maintain some ACTH secretion, as indicated by the maintenance of adrenal weight and the level of plasma corticosterone which was greater than that observed in hypophysectomized animals. It has been previously shown' that in time these animals can attain near normal corticosterone levels in response to stress and, therefore, available ACTH is not the limiting factor. The reduction in pituitary size could be attributed to necrosis of pituitary tissue secondary to vascular infarction or to decreased ACTH synthesis as a result of a hypothalamic deficit of corticotropin re-leasing factor (CRF) with a resultant decrease in ACTH content. Reduction in ACTH content in pituitaries of rats with hypothalamic lesions has been reported by McCann and Haberland17 and by Fortier and deGroot.' However, it has been demonstrated that reduction in pituitary ACTH content does not prevent the stress induced increases in blood ACTH.' David, et ' have demonstrated that in stalk-sectioned animals with severed portal vessels only those areas of the pars distalis that have been preserved by the short portal vessel remain intact; the cells in these regions were not only small but had lost their secretory granules as well. In these experiments it is not clear whether complete functional impairment occurred since the histological observations were not accompanied by physiological assessment. These authors state that a compensatory supply of blood to the ischemic area from other intact portal vessels does not occur. However, the impairments to the pituitary after stalk section may be more severe than those which result after placement of hypothalamic lesions.
It is possible that reduced secretion of ACTH was caused by both impaired release and reduced synthesis of ACTH. Vernikos-Danellis' suggested that the release of ACTH after stress was independent of the pre-stress concentration in the pituitary and depended upon the ability of the gland to synthesize new ACTH rapidly. In view of these findings, permanent cellular damage caused by anemic infarction more than likely decreased the pituitary ACTH content, but necrosis was probably not entirely responsible for the absence of the stress-induced rise of ACTH in lesioned animals in the chronic period. Inhibition of ACTH release in these animals was due chiefly to destruction of hypothalamic neural elements responsible for the rapid synthesis of new ACTH as well as for its release.
It is reasonably certain that a triggering mechanism for the rapid release of ACTH is absent in lesioned animals. Recent studies8 have demonstrated that lesioned animals that did not release ACTH rapidly in response to stress, did in fact elevate the secretion of this hormone after a prolonged period of time. The present experiments do not clarify whether synthesis of some triggering mechanism had been eliminated or whether the normal pathways by which this factor was transported had been interrupted. Brodish and Long' demonstrated that this factor, corticotrophin-releasing factor (CRF), can be transported via the systemic circulation, and that it is not detectable after lesions are placed in the median eminence-tuberal region. In this study as well as in other reports from this laboratory,"' the peripheral steroid level of the animal with a hypothalamic lesion remained 222 Volume 41, October, 1968 Hypothalamus and ACTH UPTON, BRODISH significantly elevated above that found in hypophysectomized animals. This observation, coupled with the fact that adrenal weight is maintained and that repair of damaged blood supply to the pituitary does occur in these animals, suggests that perhaps another mechanism exists that controls ACTH secretion independent of the hypothalamus.
These experiments demonstrate that the pituitary gland of effectively lesioned animals does not secrete ACTH rapidly in response to ether stress and that the vascularity of this gland does not appear to be the limiting factor. Although some permanent damage may be caused by anemic infarction, necrosis of the pituitary gland does not appear to be entirely responsible for the absence of a stress-induced rise of ACTH. Initial vascular damage to the pituitary gland after lesion placement is usually followed by revascularization. The failure of stress-induced ACTH release in the chronic phase is due primarily to destruction of essential hypothalamic neural elements.
SUMMARY
A comparison of the functional deficit that results after placement of lesions in the hypothalamus of rats with the integrity of the blood supply to the pituitary gland has demonstrated that: (a) Damage of unpredictable severity to the vascular components of the pituitary system can occur after placement of lesions in the hypothalamus. It is therefore impossible to ascribe the functional loss observed in the acute stage in lesioned animals to hypothalamic deficit alone, and both neural and vascular damage must be assumed to be contributory factors. (b) Damage to the pituitary blood supply that occurs in the acute stage is temporary. Therefore, the functional deficit in ACTH secretion observed in lesioned animals in the chronic stage is primarily the result of destruction of essential neural elements in the hypothalamus.
